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ABSTRACT OF THESIS 
EVALUATION OF A NOVEL FEEDSTUFF FOR HORSES 
Determining digestibility of feed ingredients is a challenge. While forage type feeds may 
be fed as the sole dietary component, concentrates cannot. To determine the apparent 
digestibility of these ingredients a by difference method can be utilized. The study was 
conducted to investigate the nutritional value of corn germ dehydrated (AAFCO 48.32) 
for horses in comparison to two processed corns commonly fed to horses. The second 
objective was to compare total tract digestibility of the treatments to determine 
differences in digestibility of the various fiber fractions due to added concentrate and to 
use the difference method to determine nutrient digestibility of the three corn treatments. 
In addition, glycemic responses and fecal pH changes were used to assess and quantify 
the presence of associative effects in fiber digestibility and differences in site of 
digestion.  
A 4x4 Latin square digestibility trial was conducted using a starch intake level of 6 g/kg 
BW/day, offered in three equal meals. The control diet consisted of hay cubes, alfalfa 
pellets, corn bran and corn oil. The treatment diets contained the control diet plus one of 
the three processed corn treatments, cracked, steam flaked or corn germ dehydrated. 
Cracked corn was selected as a negative control and steam flaked corn as a positive 
control based on previous research showing differences in pre-cecal starch digestibility 
coefficients. The four diets were formulated to have equal starch, NDF and ADF 
components. Each experimental period was 21 days made up of 5 days adaptation, 11 
days on feed and a 5 day total fecal collection. Indirect methods for estimating small 
intestinal starch digestion (glycemic response) and changes in the hindgut environment 
(fecal pH and acid concentrations) were used due to the use of non-surgically modified 
experimental animals.  
Mean total tract starch digestibility for all diets was high, control 92.2±4.9, cracked corn 
96.6±1.0, steam flaked corn 99.2±0.4 and corn germ dehydrated 98.8±0.4 % (P>0.05). 
The process of steam flaking compared to cracking or dry corn milling resulted in a 
greater area under the blood glucose time curve in response to 1kg of corn treatment 
meal, suggesting increased pre-cecal starch availability. No statistical differences were 
observed on an equal starch basis between the three corn products (P>0.05). Cracked 
corn significantly lowered fecal pH compared to the control and corn germ dehydrated 
diets (P<0.05). Fecal L-lactate was increased on the cracked corn diet compared to the 
control (P<0.05). There were no differences in mean total tract apparent digestibility of 
NDF and ADF (P>0.05) when comparing the control diet and the combined diets (control 
diet plus processed corn) and the three individual corn ingredients by the difference 
method. Even though mean digestibility of fiber fractions were not affected by diet, 
individual horse data suggests that negative impacts on fiber fraction digestion occurred. 
Surprisingly, the steam flaked diet did not appear to act as a positive control in limiting 
changes in fermentation kinetics when fed at this intake level. The process of steam 
flaking improves small intestinal starch availability but the reduction in particle size may 
increase the rate of microbial fermentation prompting the development of acidosis. The 
study findings suggest the corn germ dehydrated product to be a good feedstuff for horses 
requiring additional calories and high feed intakes. The DE value is comparable to steam 
flaked corn, without the negative impacts observed on fecal fermentation end products.  
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Chapter 1: Introduction 
The primary objectives of grain processing techniques are to maximize digestibility of the 
grain and the total diet (Rowe et al., 1999). Changes in diet composition have been 
associated with changes in the microflora of the horse’s gastrointestinal tract. However, 
these differences observed under conditions of similar diet and management are often 
suggested as a possible reason why certain horses are more prone to digestive 
disturbances (De Fombelle et al., 1999; Perkins et al., 2012; Schoster et al., 2013). 
Microbial fermentation of non-structural carbohydrates leads to increased production of 
VFA energetic end products and, of particular concern, lactic acid. The increases in 
VFA’s and lactic acid can lead to the development of nutritionally induced acidosis. 
Hindgut acidosis results in reduced growth of acid-intolerant cellulolytic bacteria when 
pH is 6.0-6.1.When pH drops below 5.9, growth of these bacteria is completely inhibited, 
significantly depressing fiber digestibility, and is referred to as negative associative 
effects (Shirazi-Beechey, 2008). Associative interactions of feed ingredients on total diet 
digestibility may differ depending on the method of grain processing. The method of 
processing may have an effect on the site of starch digestion.  
The study was conducted to investigate the nutritional value of corn germ dehydrated 
(AAFCO 48.32) for horses in comparison to two processed corns commonly fed to 
horses, cracked corn and steam flaked corn. Nutritional value of the corn products were 
evaluated by total tract apparent digestibility using the difference method. Indirect 
measurements of glycemic response and fecal parameters were used to assess differences 
in site of starch digestion of the three corn products. The second objective was to 
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determine differences in fiber digestibility due to a high starch intake level and if these 
changes in fiber digestibility could be detected by the difference method.  
The study hypotheses were the corn germ dehydrated product is a suitable feedstuff for 
horses, as a starch source with an intermediate nutritional value between cracked and 
steam flaked corn. Secondly it was hypothesized that the high intake level of cracked 
corn would negatively affect fiber digestibility and steam flaked corn would not. The 
differences in fiber digestibility would be identified in the apparent digestibility of the 







Chapter 2: Literature Review  
The horse is classified as a non-ruminant roughage grazer (Elis and Hill, 2005), and is 
placed into this category based on its ability to digest dietary fiber. The horse’s natural 
diet consists of plant-based structural polysaccharides (carbohydrates), mainly cellulose, 
hemicellulose and pectin with smaller amounts of reserve polysaccharides, such as starch 
and fructan. Because the horse does not produce and secrete the enzymes required to 
break down structural carbohydrates, they rely on microbial fermentation to yield 
available energy sources, predominately by hindgut fermentation (Ellis and Hill, 2005). 
Normal feeding behavior involves the horse spending a minimum of 10 to 12 hours a day 
eating. This trickle feeding pattern prevents the horse’s digestive capacity from being 
overwhelmed and provides a continuous supply of nutrients to the hindgut for microbial 
growth and energy production.  
 
Modern horse management has resulted in significant changes in the horse’s opportunity 
to graze. In addition to reduced grazing, the horses’ role in athletic performance has led to 
increased dietary intakes of starch, fat and protein from non-roughage sources offered in 
large meals to meet energy requirements (Metayer et al., 2004).  
 
The anatomy and digestive physiology of the horse is routinely considered as two distinct 
segments, with the cecum being the dividing anatomic structure. Woodward et al. (2010) 
describes the horse as being equipped with significant hydrolytic capability in the 
proximal gastrointestinal tract (stomach and small intestine) and fermentative capabilities 
in the distal portion (cecum and large intestine) of the tract. Recent studies have brought 
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into question the presumed simplicity of the stomach’s role in digestive physiology. The 
small holding capacity (7.5 to 15 L) and high transit time have caused many to overlook 
the role of the stomach in digestion especially of nonstructural carbohydrates (Al Jassim 
and Andrews, 2009). The anatomy of the stomach produces a pH gradient, digesta in the 
fundus region is exposed to a higher pH and the action of microbial fermentation 
compared to digesta in the pylorus where hydrochloric acid secretion inhibits 
fermentation and initiates the proteolytic activity of pepsin. Gastric microbial 
fermentation has been quantified for over 40 years, and differences in gastric 
fermentation products have been described due to differences in nonstructural 
carbohydrate intakes (Kern et al., 1974). However, the implications of gastric 
fermentation are still largely unknown regarding starch digestion, fermentation products 
and gastric health.  
 
In order to optimize the digestive capacity of carbohydrate fractions in the diet (primarily 
nonstructural carbohydrates (NSC)), the rate of gastric emptying must match the small 
intestine’s rate of digestion and absorption. The chemical and physical actions of the 
distal stomach cause a reduction in structural integrity of the ingesta entering the small 
intestine. In the small intestine, enzymatic digestion occurs in two phases. The first 
(luminal) phase involves enzymes secreted by the gastric glands and pancreas mixing 
with ingesta in the lumen of the duodenum, jejunum and ileum and forming short-chain 
polymers. The second phase (membranous phase digestion) involves enzymes bound to 
surface epithelium that break down the short-chain polymers into monomers. This 
complete hydrolysis produces substrates that can be absorbed across the epithelium. 
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Dietary NSC from plant and cereal grain sources are enzymatically digested in the small 
intestine. Starch is digested by the actions of both luminal and membranous enzymes, 
whereas sugars are digested by membranous enzymes only. The enzyme involved in 
luminal starch digestion is alpha-amylase produced and secreted from the pancreas. 
Starch has two chemical forms, amylose and amylopectin, both long chain glucose 
polymers. Amylopectin is a branched chain polymer with β [1-6] glycosidic linkage, 
which cannot be hydrolyzed by alpha-amylase.  Alpha amylase breaks down α [1-4] 
glycosidic linkage in amylose and amylopectin, producing dextrins and limit dextrins, 
respectively, which are further digested to produce maltose and iosmaltose, respectively. 
Membranous enzymes sucrase, maltase and isomaltase produce fructose and glucose 
available for absorption via sodium monosaccharide co-transporter or via sodium 
independent facilitated diffusion.  
 
Substrate digestion and utilization in the proximal gastrointestinal tract determines the 
composition of ingesta reaching the hindgut. Fiber fractions (neutral detergent and acid 
detergent fiber) of plants and cereal grains are resistant to host enzymes due to β [1-4] 
glycosidic linkage but on reaching the cecum and large intestines undergo the hydrolytic 
action of microbial enzyme referred to as cellulase. Lignin is resistant to both host and 
microbial enzymes, and only a small portion of lignin is digested by either process. 
Microbial carbohydrate digestion forms saccharides, which are not directly available to 
the horse but are metabolized further by the microbial flora. Hexoses are utilized by the 
microbes via glycolytic pathway producing pyruvate, though differences in pyruvate 
metabolism impact the production of energetic end products. Principal fermentation end 
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products are lactic acid and volatile fatty acids (acetic acid, propionic acid and butyric 
acid), commonly referred as their dissociated ions: lactate, acetate, propionate and 
butyrate. The total concentration and proportions of VFAs produced are affected by diet. 
Nonstructural carbohydrates that have escaped small intestinal digestion are readily 
available for microbial fermentation. Acetate is the principal product of fiber 
fermentation (65-70 %), followed by propionate (18-20 %) and butyrate (15-17 %) 
(Perry, 1984). As the level of NSC increases in the total diet, the proportion of acetate 
formation decreases, favoring propionate and lactate production and coupled by a total 
increase in VFA production. This dietary effect on fermentation products is a direct result 
of changes in microbial populations due to substrate supply, environmental pH, and 
buffering capacity. Due to the acidic nature of fermentation products, the horse has 
developed the capacity to absorb and utilize VFAs. VFAs can contribute 60-80 % of the 
horse’s energy requirement (Rechkemmer et al., 1988).   
 
As the horse’s nutrient requirements exceed maintenance levels due to factors such as 
milk production, skeletal and muscle development and energy for athletic performance, 
the inclusion of energy dense cereal grains (oats, barley, corn and sorghum) to forage-
only diets became popular based on availability, cost and nutrient composition.  
 
Grain Processing  
In order to maximize feed utilization, cereal grains are processed before they are fed to 
enhance their digestibility and alter site of digestion, ultimately through increasing starch 
availability (Rowe et al., 1999; Julliand et al., 2006). Processing is needed for all grain 
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types to break the seed coat and expose the endosperm, especially corn and sorghum. The 
endosperm matrix and starch structure determine the extent of processing required to 
improve starch availability. The endosperm contains individual starch granules 
surrounded by a matrix of protein and non-starch polysaccharides. Non-starch 
polysaccharides (NSP) affect starch digestibility in monogastrics by increasing digesta 
viscosity, which depresses pre-ileal starch digestion. In animals that utilize a combination 
of enzymatic and fermentative digestion, high digestible energy values are observed, 
though the compensatory starch fermentation may lead to inefficient digestion and energy 
utilization through an increased portion of VFA production and decreased intestinal 
absorption.  The density of the protein structure surrounding the starch granules has a 
significant effect on digestion. A lower density protein matrix increases the accessibility 
of enzymes to the starch granules. The dense protein matrix and non-starch 
polysaccharide content (5 % DM) in corn reduces the prececal starch digestion in horses. 
Pretreatment of corn with proteases results in increased glucose release, suggesting the 
protein matrix of corn as a limiting factor of starch digestion (Hoffman and Shaver, 
2008). 
 
The physical structure of the starch granules requires disruption in order to enhance 
digestibility. This can be achieved mechanically (cracking or rolling) or by heat, pressure 
and moisture (steam flaking and extrusion). Heat and moisture causes irreversible 
disruption of the matrix and swelling of the internal crystalline structure of the starch 
granules. For each grain, there is a critical temperature at which the starch granules are 
gelatinized. Corn and sorghum have higher gelatinization temperatures (62-75 ºC) than 
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wheat (52-63 ºC). The magnitude of processing can be classified by the amount of 
disruption to the starch granule, cracking is the minimum processing required to improve 
starch availability over whole grain. Conventionally, cracked corn is used when 
comparing the effect of grain processing on cereal grains.  
 
Mechanical processing (cracking, dry rolling and grinding) functions to break the seed 
coat, reduce particle size and increase the surface area for digestion. Grinding results in a 
smaller particle size than cracking. However, the variability in the number of starch 
granules released from the matrix during either process is great. Steam flaking involves 
the whole grain being heated with steam and subsequently rolled to varying degrees. 
During this process the seed coat and endosperm is disrupted, increasing the surface area. 
Unlike cracking, however, the whole grain remains as one. The processing techniques of 
steam flaking and pelleting result in greater starch gelatinization when compared to dry 
mechanical techniques. Steam flaking is more effective at starch gelatinization than 
pelleting. Pelleting allows manufactures to combine small particles normally from by-
product ingredients into a larger particle using heat, moisture and pressure by means of 
forcing ingredients through a die.  
 
Starch has been classified based on its digestibility. Classifications include readily 
digestible starch (RDS), slowly digestible starch (SDS) and resistant starch (RS). RDS is 
hydrolyzed in vitro within 20 minutes with alpha amylase and amyloglucosidase 
compared to SDS, which includes starch that is fully hydrolyzed during prolonged 
incubation (20-120 minutes). RS has been defined as “the sum of starch and starch-
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degradation products that, on average, reach the human large intestine,” that is starch 
which is not hydrolyzed after 120 minutes incubation with alpha amylase and 
amyloglucosidase (Perera et al., 2010). The amount of amylopectin and amylose can 
affect the rate and site of starch digestion. Amylopectin has a less crystalline structure and 
greater solubility, causing it to be broken down more readily by alpha amylase than 
amylose. As the amount of amylose content increases, the starch changes from rapidly, 
enzymatically digestible in the proximal gut to fermentable in the distal gut (Zijlstra et 
al., 2012). The amylose and amylopectin ratio affects the processing temperature required 
to gelatinize starch. Lower temperatures are required to gelatinize starch composed of 
high amylopectin and low amylose. This ratio can also impact the level of resistant 
starch, as resistant starch levels increase with increasing amylose content. Processing 
grains at low (83-86 ºC) and high (135-145 ºC) extrusion temperatures significantly 
increases the amount of RDS and decreases the amount of SDS and RS, with the greatest 
effect on SDS and RS under high temperature processing (Murray et al., 2001).  Pre-ileal 
starch data from Kienzle et al. (1997) support this increase of RDS; with thermo-
mechanical processing techniques, corn starch digestibility increased from 29 % in whole 
or crushed corn to 90 % in expanded (popped) corn. 
 
There is no definitive research regarding the optimal particle size required to maintain 
health and function of the horse’s gastrointestinal tract. A reduction in particle size 
improves feed efficiency in growing-finishing pigs but also leads to a higher risk of 
gastric ulcers and keratinization of the gastric mucosa. In growing-finishing pigs, feed 
conversion was improved on finely ground diets (higher portion of particles <0.3 mm and 
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<0.6 mm); however, coarsely ground (higher portion 1.19-2.36 mm) and coarsely ground 
high fiber diets resulted in lower urease activity and reduced gastric mucosa lesion 
number, respectively (Millet et al., 2012). The median particle size of 0.8 mm is used in 
manufacturing for swine diets, due to this digestive physiology interaction (Hill, 2007). 
Zinn et al. (2002) reported on the importance of flake thickness and flake density from 
steam flaking and how this impacts feedlot cattle. Steam flaking to a density less than 
0.31 kg/L (optimal) increases starch solubility, resulting in excessive ruminal starch 
fermentation and leading to reductions in dry matter intake, animal performance (ADG), 
and predisposition of cattle to acidosis and bloat. Others suggest that processing beyond 
0.36 kg/L could be excessive and unnecessary relative to the benefits in starch digestion 
and increased cost (Sindt et al., 2006).  
 
Perry (1984) noted that of all the concentrates used for horses, high quality oats is the 
first choice and corn is the second. Starch is the primary energy source in cereal grains. 
The amount of starch and starch availability differs between grain species. Oats have low 
starch (42 %, DM basis) and high fiber content compared to barley, corn and sorghum. 
Barley (61 %, DM basis) has an intermediate starch content compared to oats and corn. 
Corn and sorghum have the highest starch content (76 and 75 %, DM basis respectively) 
of the four commonly fed grains. Horses are very efficient at digesting starch based on 
total tract digestibility values, regardless of grain species. Digestion coefficients between 
90 and 99% have been reported (Julliand et al., 2006; Rosenfeld and Austbø, 2009). 
However, enzymatic starch digestion is significantly altered by grain species and other 
factors. Oat starch has a prececal digestibility coefficient of 80 % compared to barley and 
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corn starch at 29 % (Kienzle et al., 1997). Studies have shown that further processing of 
oats does not significantly improve prececal starch digestibility, whereas barley and corn 
require thermal (steam rolling) and thermal-mechanical (flaking and popping) processing 
to improve starch availability for enzymatic digestion in the small intestine. Oats are 
considered a safer energy source for horses compared to the other grain sources. 
 
When dietary starch is digested and absorbed as monosaccharides in the small intestine, a 
substantial fraction of metabolizable energy (ME) is provided and the efficiency of feed 
metabolizable energy utilization is 85 % (Vermorel et al., 1997). If dietary starch exceeds 
the horse’s proximal digestive capacity, starch is fermented in the hindgut, producing 
VFA and lactate metabolites, which are less efficiently utilized for ME (63-68 %) 
(Vermorel et al., 1997). Limiting starch fermentation in the hindgut is important due to 
the implication that diets rich in nonstructural carbohydrates may lead to hindgut 
acidosis, colic and laminitis.     
 
Studies have reported significant numbers of viable anaerobic bacteria in the fundus (pH 
5.4) compared to the pyloric area (pH 2.6) of the stomach of horses. The gastric microbial 
community, which is predominately gram-positive and few cellulolytic bacteria, produces 
lactate as the principal fermentative end product (Argenzio et al., 1974; Kern et al., 
1974). The amylolytic and fermentative activity of the microflora and the degree of starch 
availability affect gastric starch digestibility. Horses offered processed sorghum (3.26 g 
starch/kg BW/meal) had high lactate concentrations within the stomach, duodenum and 
jejunum, and the lowest levels recorded in the hindgut. The fundus (nonglandular) had 
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the greatest concentration of lactate (~33 to 40 mmol/L). Steam flaking sorghum versus 
dry rolling resulted in greater production of total lactate and D-lactate in the stomach (Al 
Jassim, 2006). The progressive decrease in lactate production along the gastrointestinal 
tract was reported by Mackie and Wilkins (1988) in grass fed horses. However, the 
lactate concentration ~ 1mM reported in the stomach of these grass fed horses was lower 
than the previous high starch diet. The presence of D-lactate (predominantly from 
microbial origin) is strong evidence of gastric fermentation and can be a useful parameter 
to assess gastric starch fermentation. Investigators have quantified digestion coefficients 
for NSC in the stomach of live horses with values ranging from 24.2 % (measured by 
nasogastric tube sampling; Varloud et al., 2006) and 60.4 and 68.6 % (measured by acid 
insoluble ash marker; Varloud et al., 2004) and 41.0 and 75.7 % (measured by acid-
detergent lignin marker; Varloud et al., 2005).  
 
Gastric fermentation of starch may be advantageous for improving prececal digestibility 
and reducing starch delivery to the hindgut; however, the organic acids produced have 
been implicated in the development of equine gastric ulcer syndrome (EGUS). Sampling 
of the gastric contents from horses fitted with chronic gastric cannulas following ad 
libitum bromegrass hay showed that acetic acid was the principal VFA produced, with 
highest concentrations immediately and up to 5 hours post feeding. Concentrations of D 
and L-Lactic acid in gastric contents were 0.394-10.36 and 0.57-17.8 mmol/L, 
respectively (Nadeau et al., 1997). A follow- up study on the implications of diet was 
conducted comparing a mixed diet of alfalfa hay and grain and bromegrass hay. The 
mixed diet produced high concentrations of acetic acid immediately and 5 hours post 
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feeding, high concentrations of propionic acid for 6 hours post feeding and increased 
concentrations of isovaleric acid. These differences between diets are likely due to the 
fermentation of NSC present in the grain.  Even in the presence of high VFA 
concentrations, the pH remained higher for 5 hours post feeding of the mixed diet and 
gastric ulcer lesion numbers and severity were lower overall. The authors speculated that 
the alfalfa hay, due to its high calcium and protein content, may have had acid inhibitory 
and buffering effects. Feeding recommendations were made regarding continuous 
offering of alfalfa hay every 5-6 hours to provide a protective effect on the nonglandular 
squamous mucosa (Nadeau et al., 1999). The acidic environment and the formation of 
high concentrations of acetate, propionate, butyrate and valerate have been shown in vitro 
to cause cellular swelling as well as barrier and transporter disruption. Gastric epithelial 
cells can readily absorb the acids leading to accumulation in the cell rather than transport 
across into the blood.  
 
Gastric emptying can be affected by meal size and composition (Metayer et al., 2004). 
Small meals (300 g/100kg BW) with low starch and high fiber content have significantly 
faster gastric emptying than small meals with high starch content when comparing half-
emptying times (T50, mean ± s.d  for low starch 93 ± 7.6 mins and 143 ± 29.2 mins for 
high starch). Maximal gastric emptying expressed as g/minute was significantly faster for 
a large high starch meal (700 g/100kg BW) than the small high starch meal with a 
calculated mean difference of 4.2 g/minute. Feeding large meals high in starch could 
overwhelm the capacity of the small intestine compared to small meal sizes, as the 
amount of starch entering the duodenum per minute would be greater and this could lead 
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to starch overflow into the hindgut. Differences in gastric emptying time could be due to 
selective retention for adequate mixing.  
 
Recommended feeding levels for starch are expressed on a meal basis. These 
recommendations are based on research investigating the capacity of the small intestine, 
relative to starch disappearance at the terminal ileum and suppression of microbial 
parameters in the hindgut. Little information is available to add to these 
recommendations in regard to the number of meals per day and the length of time 
between meals required to maintain digestive health. Potter et al. (1992) suggested horses 
that are fed 2 to 3 times a day should have starch intakes limited to 0.4 % of bodyweight 
per feeding. There is a wide reference range in the literature regarding the feeding level 
of starch to horses from <1.1 g/kg BW or 0.3 kg concentrate/100 kg BW with starch 
content 30-40 % (Vervuert et al., 2009), 2 g starch/kg BW (Kienzle et al., 1992), and up 
to 4 g starch/kg BW (Potter at al., 1992).   
 
The enzymatic capacity (concentration and activity) of the horse’s small intestine has 
been commonly thought of as the limiting factor in the horse’s ability to digest starch, 
particularly luminal phase starch digestion (Richards et al., 2004). Pancreatic alpha 
amylase production is lower in the horse than other species; however, maltase activity is 
higher than other species, thus an unlikely limiting factor in digestion.   
 
Richards et al. (2003) found that alpha amylase collected from the jejunum was on 
average 20 % less effective at digesting starch in vitro than bacterial alpha amylase 
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(standard). When starch was incubated for 60 minutes in vitro compared to 15 minutes 
digestion increased; this was enhanced by using processed grains as the starch source.  
The authors speculated that equine jejunum alpha amylase had a higher affinity to oat 
starch due to digestion values similar to the bacterial standard. The high globulin and low 
prolamin storage protein content of the oat endosperm matrix could result in greater 
susceptibility to enzymatic action (Shewry and Halford., 2002). Radicke et al. (1991) 
reported higher preileal oat starch digestibility mean 98 % due to higher amylase activity 
in jejunal chyme (40.6 U/g) when compared to corn mean starch digestibility of 70 % and 
amylase activity 28.9 U/g.   
 
Dyer et al. (2009) investigated the horse’s ability to adapt to increased carbohydrate load. 
This study compared pasture-forage fed horses to those fed diets containing oats and 
corn. The authors reported horses that had been maintained long term (months) on high 
grain diets had 1.9- and 3.7-fold higher rates of D-glucose uptake from the jejunum and 
ileum compared to horses maintained on pasture forage. The rate of uptake in the 
duodenum was not affected by diet. It was determined that the increase in D-glucose 
transport across the brush border was due to an increase in the number of SGLT1 
transporters in the jejunum (2-fold) and ileum (5.1-fold). These data show that horses 
have the ability to adapt to increases in dietary carbohydrate, specifically in the jejunum 
and ileum of the small intestine, and this is regulated by increases in messenger RNA of 
the transporter protein SGLT1.  
 
Further investigation into the horse’s ability to adapt to dietary carbohydrates found that 
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horses transitioned from a forage-only diet to a moderate starch diet (3.3 g starch/kg 
BW/day, divided into 3 meals) had a 2-fold increase in SGLT1 expression in the ileum 
with no change in the duodenum after one week. After one month on this starch level, the 
SGLT1 expression in the duodenum increased 2-fold, with no further change in the ileum. 
Additional starch intake (6 g starch/kg BW/day, divided into 3 meals) after one month 
resulted in further increases of SGLT1 expression in the ileum (3.3-fold increase from 
expression levels on the moderate starch intake). These studies improve our 
understanding of the horse’s ability to adapt to and tolerate dietary carbohydrates. The 
final starch level used in this study was 6 g starch/kg BW/day, providing 2 g starch/kg 
BW/meal, which is currently suggested as ‘safe’ feeding level per meal without horses 
experiencing digestive disturbances (Dyer et al., 2009).   
 
In commercial swine production, enteric disorders such as nutrient malabsorption and 
diarrhea are prevalent in post weaning piglets. Two sweeteners, saccharin and 
neohesperidin dihydrochalcone, are frequently added to commercial piglet diets and have 
been found to attenuate post weaning enteric disorders and enhance growth performance. 
Moran et al. (2010a) found that these feed additives induced upregulation of 
SGLT1expression (mRNA, protein and function) in piglet small intestine. Further work in 
piglets investigating the level of carbohydrate in the diet required to trigger this 
upregulation reported that 7.0 and 36.0 % dietary carbohydrate did not trigger a change in 
SGLT1 expression; however, 53.0 and 60.0 % dietary carbohydrate caused an increase in 




Forage to concentrate ratios have been reported to affect site of digestion and digestion 
end products. Substitution of 50 % of an all hay cube diet with processed barley (rolled, 
extruded or micronized) showed differences in cecal fermentation parameters between 
the control and barley diets and between the different barley processing techniques 
(McLean et al., 2000). Five hours post feeding cecal pH was significantly lowered by the 
rolled barley diet (pH = 6.26) compared to the all hay cube diet (pH = 6.50). 
Comparisons between the remaining diets were not significant with extruded barley (pH 
= 6.36) and micronized barley (pH = 6.33). Cecal lactate concentrations were increased 
when barley was included in the diet, but only significantly greater lactate concentrations 
were recorded on the rolled barley diet. Lactate concentrations (mmol/L) ranged from 
0.11 for the hay cube, 0.97 rolled barley, 0.18 micronized barley and 0.26 for the 
extruded barley diets. Fermentation parameters, acetate and propionate were most similar 
to the hay cube diet when micronized barley was fed.  
 
The inclusion of rolled barley into a diet to produce forage:concentrate ratios of 100.0, 
70:30 and 50:50 caused an increase in the apparent digestibility of the organic matter 
(Drogoul et al., 2001). However, the apparent digestibility of NDF decreased from 46.1 
% on the forage only diet to 40.4 % (70:30) and 39.3% (50:50). ADF digestion was 
affected, decreasing from 42.4 % on the all forage diet to 36.1 % (70:30) and 33.9 % 
(50:50). The difference between NDF digestion and possibly ADF on the barley 
treatments may have little physiological importance in attempting to quantify starch 
amounts and the detrimental effects on fiber digestion. The data is supported by a 
decrease in numbers of cellulolytic bacteria in the large intestines (sum of cecum and 
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colon) with the addition of barley and changes in fermentation kinetics (Julliand et al., 
2001). As the proportion of barley increased, pH decreased, acetate to propionate ratio 
decreased and lactate increased, suggesting a shift towards predominately amylolytic 
bacteria and unfavourable conditions for cellulose fermentation.  
 
Evaluation of nutrient digestibility  
 
The nutrient composition of feeds is commonly determined by chemical analyses. 
However, chemical analysis alone does not provide sufficient information about nutrient 
availability and how the animal will utilize the nutrients. Digestibility is a main 
component of determining nutritive value of a feedstuff. A commonly used in vivo 
method to determine total tract apparent digestibility is the comparison of the nutrient in 
the diet with that recovered in the feces (Forster, 1999). Digestion coefficients are simply 
the unrecovered fraction expressed as a percentage of intake. Apparent digestibility 
coefficients do not account for fecal endogenous losses of that nutrient.  
 
In vivo digestion studies follow a general standard protocol of dietary adaptation or 
acclimation in which the aim is to achieve steady state nutrient intake and fecal output 
followed by a collection period of fecal and urine sampling. There are several methods of 
measuring digestibility in horses. Total collection of feces is often referred to as the gold 
standard but this requires horses that tolerate collection harnesses or containment in 
metabolism stalls. Alternative methods are the use of inert markers that allow the partial 
collection of feces, and digestibility calculations are based on the ratio of marker added 
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or naturally occurring in the feed and the feces. There is still debate over the accuracy of 
markers compared to total collection methods; however, the three markers commonly 
used are chromic oxide, acid insoluble ash and lignin. The mobile bag technique allows 
measurements of both total tract and partial tract digestibility if surgically modified 
horses are available. This method requires the preparation of mobile bags containing a 
measured amount of experimental feed and intubation via a nasogastric tube, followed by 
the collection of bags via a cannula site or in the feces. 
 
Rosenfeld and Austbø, (2009) used the mobile bag technique to assess prececal and total 
tract digestibility of starch from processed grains. This method provided the opportunity 
to directly assess and quantify the amount of compensatory fermentation that occurred 
due to differences in prececal digestibility. The use of non-surgically modified animals as 
experimental subjects in investigating digestive capacity and obtaining representative 
samples of the different compartments of the gastrointestinal tract can be challenging 
compared to using fistulation/cannulation techniques or postmortem sample collection. 
Savage (1977) describes the limitations of the fecal microbiota (commonly used as an 
indirect assessment of the hindgut) being a good index of the true character of the 
gastrointestinal microbial ecosystem. Extrapolated findings from feces-only studies need 
to be interpreted carefully; however, the use of intact animal models is more practical and 
applicable to livestock systems. In a recent study (Schoster et al. (2013) using PCR-based 
terminal restriction fragment length polymorphism techniques, found that feces 
microbiota had mean similarity index (Cs) of 0.67 and 0.49 with the microbial 
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community in the cecum and colon respectively. Two identical profiles generate a Cs 
value of 1, which was reported in this study as the maximum Cs value for comparisons 
between cecum and colon, cecum and feces, and colon and feces.  Differences in pH and 
bacterial counts have been observed between the right ventral colon and feces, fecal 
samples had lower pH and higher counts of lactate producing and utilizing bacteria 
(Müller et al., 2008). Studies that have investigated the gut microbiota throughout the 
gastrointestinal tract have reported large horse to horse variation. Differences have been 
observed even under conditions of similar diet and management and this may be a 
possible reason why certain horses are more prone to digestive disturbances (de Fombelle 
et al., 1999; Perkins et al., 2012; Schoster et al., 2013).   
 
Dietary soluble carbohydrate content can be correlated with the glycemic potential of the 
feed ingredient. Processing techniques that increase the starch availability of the grain 
can elevate and exacerbate the horse’s glycemic response. There are a range of 
methodologies for testing glycemic response. Horses are commonly adapted to the test 
meal, fasted for at least 10 hours prior to the test, and provided only the test meal during 
sampling. Blood samples are taken before feeding and for 4 to 8 hours postprandial or 
until baseline glucose values are recorded. Blood samples are assayed for plasma glucose 
and plasma or serum insulin and evaluated by the area under the curve method for these 
variables. The test is an artificial reference, as horses rarely consume one ingredient at a 
time, such as straight corn. In addition, this methodology incorporates a reduced feed 
intake as it is preferred that the horse consumes the test meal in a short period of time 
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(10-15 minutes) as to mimic meal feeding. The horse’s glycemic response to a single feed 
ingredient or diet can be used as an indirect method to assess starch digestibility, based on 
the assumption that the blood glucose-time curve is a direct representation of starch 
digestibility in the small intestines. Both glucose and insulin parameters are required to 
truly evaluate the horse’s glycemic response to a specific amount (dose) of starch that is 
being indexed (Vervuert et al., 2009).  
 
Data presented by Verveurt and Coenen (2006) showed starch intake as a driving factor 
of glycemic response, with limited differences observed below a feeding level of 2 g 
starch/kg BW. Differences due to processing techniques were evident when the feeding 
level was increased.  Flaked and extruded barley had a greater effect on blood glucose 
than rolled barley. Hoekstra et al. (1999) found that steam flaked corn produced a greater 
glycemic response than cracked corn, with higher plasma glucose concentrations 90 to 
180 minutes post feeding, but no effect on time to peak glucose.   
 
Vervuert et al. (2009) investigated the effect of increasing starch intake when provided as 
a compounded commercial concentrate on glucose and insulin responses. There was a 
significant difference in the insulin response as measured by area under the curve 
between meals providing 0.3, 0.6, 0.8 g starch/kg BW/meal and 1.1, 1.4, 2.0 g starch/kg 
BW/meal. Increased starch intake caused higher peak insulin values post feeding, and 
insulin remained elevated for longer over the 8 hour sampling period. The moderate 
glucose and insulin response measured for intakes <1.1 g starch/kg BW/meal prompted a 
feeding recommendation of <1.1 g starch/kg BW/meal or 0.3 kg/100kg BW/meal when 
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feeding a processed (mainly micronized cereal grains) concentrate containing 30-40 % 
starch with caution that starch content over 40 % may need additional meal size 
limitations (Vervuert et al., 2009). 
 
Experimental design considerations  
The effect of length of the dietary adaptation period on the accuracy of digestibility 
measurements has received little experimental attention. The current lengths of 
adaptation periods are somewhat arbitrary and vary among studies. In the literature, 
commonly reported lengths (days) include: 5, 7, 9-10, 14, and 21 days (Frape et al., 1982; 
Karlsson et al., 2000; Kienzle et al., 2002; Hussein et al., 2004; Varloud et al., 2004; 
Earing et al., 2010). A study investigating the variability in sheep digestion coefficients 
with zero to 60 days of adaptation did not obtain constant values but trends of decreasing 
or increasing coefficients from day zero with rhythmic fluctuations (Lloyd et al., 1956). It 
was concluded that the standard 10 day preliminary feeding period commonly used in 
sheep digestion trials was adequate and longer periods did not significantly increase the 
precision of the study. The presence of daily fluctuations in digestibility may indicate that 
the potential to maintain constant and maximum values of digestion in normal biological 
systems is questionable (Lloyd et al., 1956).  
 
Conventionally, total fecal collection periods are 5 to 6 consecutive days with horses 
being adapted to the collection apparatus prior to the start of sampling (Goachet et al., 
2009). Adaptation prior to sampling is used to minimize changes in fecal output due to 
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changes in management. Reducing the length of total collections to 3 and 4 days has been 
validated for measurements of DM, organic matter, NDF, ADF and hemicellulose 
(Goachet et al., 2009). 
 
Additionally, some investigators incorporate wash out periods between treatment diets 
prior to the adaptation period to reduce carryover effects from the previous diets. Earing 
et al. (2010) included a seven day wash out period in which the horses had ad libitum 
access to hay before the start of the 14 day adaptation period to treatment diets. Warzecha 
et al. (2013) utilized a crossover design with 28 day treatment periods with 21 day 
washout in between for the investigation of dietary changes on cecal microbial 
populations. There is strong evidence that diet modifies the composition of the intestinal 
microbiota. Treatment effects on the microbial populations can have direct effects on 
digestibility, especially when treatment diets are significantly different chemically and 
physically.  
 
By Difference method 
The need to evaluate individual, non-forage feedstuffs such as cereal grains, where these 
cannot be fed as the sole diet due to digestive disturbances, requires at least two 
measurements of digestibility.  
The test ingredient is combined with a reference diet (forage based) and apparent 
digestibility of nutrients is measured for the combined diet and the reference diet. The 
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coefficient of digestion of the test ingredient can be calculated using the by difference 
equation, which assumes that the nutrient digestibility of the combined diet is the 
weighted average of the reference diet and test ingredient (Crampton and Harris, 1969). 
The weighted mean is based on the percentages in which the reference and test ingredient 
are present in the combined diet (Crampton and Harris, 1969). This calculation is based 
on the assumption that the addition of the test ingredient to the reference diet does not 
alter the digestibility of either feedstuff had it been fed alone. This is complicated by the 
inability to separate and identify the source of the indigestible nutrient present in the 
feces and the inherent issue that any change in digestibility will be attributed to the test 
ingredient. The equation described above does not account for the relative contribution of 
the nutrient from the reference diet and the test ingredient to the combined diet. As a 
result, an alternative equation has been proposed that is weighted based on the nutrient 
contribution of each of these components, that reflects test ingredients with higher or 
lower levels of nutrient will have greater or lesser influence on the nutrient digestibility 
of the combined diet (Forster, 1999).  
 
The assumption that digestibility values are unaltered is often unwarranted, as the term 
“associative effects” is used to describe the digestive interaction of different feed 
components, and such an interaction can occur when feeding conventional hay and 
concentrate diets. Digestive interactions are related to the simultaneous digestion of 
starch and cell wall fractions, observed in the rumen of foregut fermenters and the 
hindgut of horses when starch overload occurs, primarily causing negative associations 
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(Martin-Rosset and Dulphy, 1987). Kienzle et al. (2002) found unique nutrient 
digestibility’s using the by-difference method when low digestibility straw was fed in 
combination with concentrates or grass meal. Assuming a constant straw value when fed 
in combination with grass meal and concentrates, energy digestibility increased 
approximately 30 % and values over 100 % were reported respectively. The inclusion of 
readily fermentable carbohydrates is believed to improve the growth and activity of the 
hindgut bacteria, thus improving fermentation and overall nutrient digestibility. Karlsson 
et al. (2000) observed negative associative effects between hay and oats based on 
curvilinearity of nutrient digestibility as the proportion of oats increased (0, 20, 40 and 60 
%). Total tract NDF and ADF digestion coefficients tended to increase (39 and 32 %) at 
the lowest inclusion level of oats from the hay only diet (37 and 29 %) but then decline as 
the proportion of oats increased (35 and 24 for 40 % oats and 26 and 12 % for 60 % oats).   
 
In comparison, Hussein et al. (2004) found the apparent total tract digestibility of NDF 
and ADF was not affected by the addition of 0.2 % BW total nonstructural carbohydrates 
offered as barley, corn and oats. Numerical increases in these fiber fractions were found 
for the mixed diets compared to the hay cube control. This study compared different grain 
sources at a fixed carbohydrate level; the level of carbohydrate used was scaled down 
from 0.4 % BW due to cases of gas colic and the development of acute laminitis in both 
the control and barley groups during the 3 week adaptation phase.  
 
Feeding high levels of supplementary starch to production and performance animals has 
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been reported to negatively impact feed intake, fiber digestibility, and animal health 
through the development of digestive disorders (Karlsson et al., 2000; Matthé et al., 
2003; Richards et al., 2006; Lean et al., 2013). Associative effects in production 
ruminants are well understood and changes occurring in the rumen after excessive intake 
of starch or NSC-containing diets have been studied in detail (Mackie and Gilchrist, 
1979). Large amounts of rapidly fermentable carbohydrates lead to microbiological 
changes and shifts in fermentation kinetics, as conditions favorable for glycolytic and 
amylolytic bacteria are subsequently inhibitory to cellulose fermenters. Predominately, 
decreases in pH and the accumulation of the intermediate metabolite lactic acid are 
observed. Under normal physiological conditions, lactic acid is metabolized further to 
VFAs and as discussed previously measured at low concentrations in the hindgut.  
 
The study was conducted to investigate the nutritional value of corn germ dehydrated 
(AAFCO 48.32) for horses in comparison to two processed corns commonly fed to 
horses, cracked corn and steam flaked corn. Nutritional value of the corn products were 
evaluated by total tract apparent digestibility using the difference method. Indirect 
measurements of glycemic response and fecal parameters were used to assess differences 
in site of starch digestion. The second objective was to determine differences in fiber 
digestibility due to a high starch intake level and if these changes in fiber digestibility 
could be detected by the difference method. A preliminary study was conducted to 
determine a reasonable starch intake level which would be considered high but not 




The study hypotheses were the corn germ dehydrated product is a suitable feedstuff for 
horses, as a starch source with an intermediate nutritional value between cracked and 
steam flaked corn. Secondly it was hypothesized that the high intake level of cracked 
corn would negatively affect fiber digestibility due to low prececal starch digestibility, 
whereas steam flaked corn would not, due to improved starch availability from starch 
gelatinization during the process of steam flaking. The differences in fiber digestibility 



















Chapter 3: Responses in fecal pH from low to high starch intakes  
 
Nutritionally induced acidosis is most commonly seen during rapid changes from 
roughage to high grain diets and in situations that interrupt normal feed intake patterns in 
grain adapted animals (Goad et al., 1998). Due to the impact nutritionally induced 
acidosis can have on ruminant livestock systems diagnostic parameters have been 
established for the identification of subacute ruminal acidosis (SARA). SARA is present 
when the ruminal pH falls below pH 5.6 for more than 3h per day (Steele et al., 2011). 
There is a lack of information regarding the usefulness of fecal for the identification of 
hindgut acidosis in horses. It has been suggested that pH values ≤ 6.0 - 6.2 may be 
indicative of subclinical acidosis (Radicke et al., 1991). 
 
Metabolic acidosis is associated with human conditions of short bowel syndrome and 
ulcerative colitis. Studies have shown that pH alters the end products of fermentation and 
the diversity of intestinal bacteria. In continuous culture/fermentation studies using 
human fecal inoculum (Caldarini et al., 1996; Belenguer et al., 2007) it was reported that 
when pH was maintained below 6.0, VFA productions were predominately acetate. 
Lactate production was reported to be greatest over the pH range 5.0 -5.5, with minimal 
production at 5.9 to 6.5. At pH 5.9 and 6.4 lactate utilization was increased compared to 
pH 5.2 resulting in the production of propionate and butyrate (Belenguer et al., 2007).   
 
A survey of racehorse trainers based in Australia identified that the average daily feeding 
level of concentrate was 7.3 ± 0.24 kg (range: 3.8 to 13.2 kg) (Richards et al., 2006). 
 29 
 
These high concentrate diets contained oats, corn and a commercial mixed concentrate. 
There was a strong negative relationship between fecal propionate concentration and pH 
(R2 = 0.76) in horses surveyed in this study. Mean fecal pH was 6.5 ± 0.07 (range: 5.5 to 
7.9, with 27 % of samples having a pH < 6.2); mean fecal L-lactate concentration was 
0.33 ± 0.06 mmol/L (range: 0.02 to 1.82 mmol/L) and fecal starch content averaged 1.2 
% DM (range: 0.28 to 7.35 % DM). 
 
Wheeler and Noller (1977) concluded from studies of concentrate fed cattle that fecal pH 
was a good indicator of pH in the lower portions of the gastrointestinal tract. In response 
to high concentrate diets a negative relationship between the amount of starch present in 
feces and fecal pH was observed. The use of fecal pH as the main indicator of acidosis in 
horses may result in erroneous assumptions of the metabolic activity in the cecum and 
colon. Differences in the absolute pH values from different gastrointestinal portions have 
been identified compared to feces. Repeated measurements over days may provide more 
information regarding the dynamic response of the hindgut following grain challenge 
(Willing et al., 2009).  
 
In this preliminary study the starch levels investigated ranged from levels lower to equal 
those previously reported safe starch intake levels (Potter et al., 1992; Kienzle et al., 
1992; Verveuert et al., 2009). Cracked corn was selected due to the reported low prececal 
starch availability, which would result in starch overflow from the small intestine into the 
hindgut. Increasing levels of starch were used to determine the intake level at which 
changes in fermentation due to the presence of starch could be detected by differences in 
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fecal pH. It was hypothesized that the increase in starch intake would cause a decrease in 
fecal pH once the starch intake exceeded 1.33 g starch/kg BW/meal offered as cracked 
corn in three meals per day. 
 
Materials and Methods  
Four mature thoroughbred geldings (aged 6 to 10 years; initial BW 526 ± 6 kg, mean ± 
SE) were used in a longitudinal intake study. Prior to the start of the study all horses were 
maintained on pasture and fed grass hay and a grain mix (45 % cracked corn, 45 % oats 
and 10 % molasses) to maintain body weight. The non exercised horses were individually 
housed in 3x3m stalls bedded on shavings, all horses were given 4 to 6 hours of free 
exercise per day. Free exercise was provided in a dry lot with access to water.  During the 
experimental periods all horses were offered 1 % BW of alfalfa, timothy hay cubes and 
cracked corn. Dietary treatments were based on cracked corn offered at levels to provide 
0.67, 1.0, 1.33, 1.67, 2.0 g starch/kg BW/meal (as fed basis). Horses were fed every 8 h 
with cracked corn and hay cubes provided in the same meal (0600, 1400 and 2200 h). 
The study was extended to measure 3 g starch/kg BW/meal fed twice a day at 0600 and 
1400 h (hay cube intakes were fed every 8 h). Each treatment period was 6 days in length 
with 2 days adaptation to the starch level and fecal samples were collected prior to each 
0600 h feeding for 4 consecutive days.   
 
Fecal pH was measured immediately post sampling using the following procedures; a 
fecal sample of 50 g (wet weight) was diluted with 150 ml of distilled water (3:1 ratio) 
and homogenized for 1 minute. The pH was measured using the probe of the pH 6 Acorn 
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series meter (OAKTON instruments, IL USA 60061) inserted into the homogenized 
solution and reading allowed to stabilize for 1 minute. 
 
Statistical analysis used to compare mean fecal pH of each starch intake level sampled at 
0600 h for four days was a one-way analysis of variance. A two-way analysis of variance 
was conducted to identify differences in sampling day and starch intake level. Statistical 
analysis was performed using Graphpad prism version 4.00 for windows, Graph Pad 
software, San Diego California USA, www.graphpad.com.  
 
Results  
As cracked corn intake increased mean fecal pH decreased (Table 3.1). There was no 
statistical difference in mean fecal pH with low starch intakes (2-5 g starch/kg BW/day). 
The cracked corn intake of 5.7 ± 1.0 kg provided in two meals caused a significant 
decrease in fecal pH (n=16). In examining the raw data there were clear differences 
between the four horses in their response to the increased starch intake levels. Two horses 
maintained pH near or above their initial pH compared to the other 2 horses that had 
systematic decreases in pH throughout the study. There was no statistical difference for 
starch intake level (p>0.05) and sampling day (p= 0.07) when using all four horses fecal 
pH data. However, when comparing the data of the two horses that responded negatively 
to the increased starch intake level, there was a significant effect on pH due to starch 
level (p< 0.05), sampling day (p = 0.09) and interaction (p<0.05). Tukey’s test of 2-way 
ANOVA (n=2) showed that fecal pH on sampling day 4 was lower for cracked corn 
intake of 5.7 ± 1.0 kg provided in three meals than the other intake levels. Fecal pH on 
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sampling day 4 was significantly lower for 3, 4, 5 and 6 g starch/kg BW/day than 2 g 
starch/kg BW/day.  
 
There was no significant difference in mean fecal pH across all 6 starch intake levels 
when using data from sampling day 4 (p>0.05), however the mean pH was numerically 
lower than using all 4 sampling days. The lowest pH values (single lowest pH value out 
of 16) recorded on starch intake 6 g/kg BW/day (5.8 and 5.86) fell below the level 
considered to cause subclinical acidosis in horses. However, mean fecal pH (4 horses for 
4 days) remained close to normal values (6.4-6.8) reported in the literature (Al Jassim., 
2006; Müller et al., 2008).  
 
Discussion and conclusions  
The longitudinal design of the study resulted in the slow adaptation of the horses from 
low to high starch intakes over 5 weeks, similar to stepwise adaptation practices used in 
livestock systems (Mackie and Gilchrist., 1979). Minimal decreases in mean fecal pH 
values indicate that as a group the four horses were not stressed by the steady increase in 
corn and starch intakes. There was no evidence of a significant reduction in fecal pH, 
until meal frequency was reduced to 2 meals per day 8 h apart. The decrease in mean pH 
by 0.3 units when meal frequency was reduced to 2 meals per day suggests that a greater 
proportion of starch entered the hindgut, resulting in exacerbated and prolonged effects 
on the microbial community compared to the same intake level provided in three meals. 
This decrease in pH was not seen when comparing only sampling day 4 data, the largest 
decrease in pH was seen between the first 3 intake levels and then remained constant. The 
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large variation in pH values may be due animal variation, one of the four horses did not 
respond to the treatment.  
 
During weeks 1 to 5 the increase in cracked corn per meal (as fed) was approximately 
400 g compared to week 6 when meal size increased by approximately 1 kg cracked corn, 
these numbers represent increases of 240 g and 600 g starch per meal, respectively.  
 
From this study, based on the increased variability in fecal pH and pH values ≤ 6.0 a 





Table 3.1. Dietary intake levels of cracked corn and fecal pH values (mean ± SE)  
 
 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 
Starch (g/kg BW/day)  2 3 4 5 6 6 
Starch (g/kg BW/meal)  0.67 1.0 1.33 1.67 2 3 
Mean cracked corn 
intake (kg/day )  
1.9±0.04 2.9±0.05 3.8±0.07 4.8±0.09 5.7±1.0 5.7±1.0 
Mean cracked corn 
intake (kg/meal)  
0.63±0.01 0.95±0.02 1.3±0.02 1.6±0.03 1.9±0.03 2.9±0.05 
Mean fecal pH 1,3 6.89±0.05a 6.89±0.08a 7.0±0.12a 6.73±0.08ab 6.83±0.14ab 6.51±0.11bc 
 
Mean fecal pH  (day 4)2,3 7.06±0.09a 6.75±0.15a 6.58±0.08a 6.65±0.15a 6.57±0.37a 6.54±0.18a 
Lowest pH4 6.49 6.41 6.42 6.18 5.8 5.86 
1Mean fecal pH is for 4 horses over 4 consecutive days, number of observations = 16 
2Mean fecal pH for 4 horses from sampling day 4, number of observations = 4 
3Values in same row with different superscripts are different at p<0.05   




Chapter 4: Materials and Methods 
Four mature geldings (mean age 7 years; initial BW 552 ± 10 kg) were used a 4x4 Latin-
square design total tract digestibility experiment. Horses were maintained on a diet of 
cracked corn fed to provide 6 g starch/kg BW/day and 1 % BW hay cubes prior to the 
start of the digestibility trial. The non exercised horses were individually housed in 3x3 m 
stalls bedded with shavings, all horses were given 4-6 hours of free exercise per day. 
During the free exercise all horses wore muzzles to prevent grazing and wood chewing 
but allowed access to water. 
 
Target bodyweights were chosen for each horse based on the horse’s previous 
bodyweight and body condition score data. Average bodyweight for each horse at a BCS 
5 to 5.5 was used to calculate treatment diet intakes. This target weight was required due 
to energy intakes that significantly exceeded maintenance requirements in the corn based 
treatments. The bodyweight of each horse was recorded daily before the morning feed 
throughout the experiment.  
 
Dietary Treatments 
Dietary treatments included a control diet and three treatment diets based on three 
different processed corn ingredients. The three processed treatments used were cracked 
corn, steam flaked corn and corn germ dehydrated (AAFCO 48.32). The corn germ 
dehydrated ingredient was pelleted with 15 % alfalfa meal to ensure complete 




byproduct pellet when discussing total diet digestibility, fecal and glycemic responses; 
however, when discussing by difference digestibility of the grain it is referred to as corn 
germ dehydrated (without alfalfa meal). All four diets were formulated to provide equal 
intakes of neutral detergent fiber (NDF), acid detergent fiber (ADF). Starch intakes were 
formulated to provide 6 g starch/kg BW/day in the three corn treatment diets. The 
addition of 15 % alfalfa meal to corn germ dehydrated required 15 % alfalfa pellets to be 
included in the control, cracked and steam flaked corn diets. In order to balance starch 
across the three corn treatments and NDF across all four treatments, titrated amounts of 
cracked and steam flaked corn were used and corn bran was added to the control, cracked 
and steam flaked diets. Corn oil was added to the control and steam flaked diets to 
provide an equivalent level of fat in the cracked corn diet. The corn germ dehydrated 
ingredient has higher fat content than cracked and steam flaked corn. This diet was 
allowed to have a higher fat content than the other three diets (Table 4.1 and 4.2) as fat 
was not a nutrient of interest in the research question. 
 
Treatment diet nutrient composition  
 
Horse 1 had hay cube refusals on all three corn treatment diets and horse’s 3 and 4 had a 
reduction of total diet intake on the corn byproduct treatment prior to the collection trial, 
caused dry matter intake for hay cubes to differ among treatment diets (Table 4.1) 
however these differences were not significant (p=0.12). Dry matter intake was 
significantly lower in the control diet (7670 g ± 143) than the three corn treatments 




(p<0.05). The control diet had the lowest crude protein level (937 g ± 17) compared to all 
three corn treatment diets. Within the corn treatments crude protein was not significantly 
different between cracked and steam flaked corn (1231 g ± 39 and 1170 g ± 48, 
respectively), but crude protein was significantly greater in the corn byproduct diet (1477 
g ± 55) (p<0.05). Starch content was not significantly different between the three corn 
treatment diets (cracked 3195 g ± 61, steam flaked 3199 g ± 61 and corn byproduct 3115 
g ± 110) but was significantly lower in the control diet (220 g ± 4) (p<0.05). The fat 
content of the corn byproduct diet (663 g ± 24) was double the fat content in the control 
(321 g ± 6), cracked (331 g ± 8) and steam flaked corn diets (323 g ± 9) (p<0.05) 
 
Experimental Design  
Horses were adapted to the treatment diets over a 5 day period, with 20 % of the total 
treatment ration per day being removed and substituted for the new treatment diet. Each 
treatment diet was offered at 0700, 1430 and 2200 h with equal amounts of corn, corn 
bran, alfalfa pellets and corn oil per meal, horses on the corn based treatments received 2 
g starch/kg BW/meal. The 1 % BW intake of hay cubes was divided into 1 kg offered at 
0700 and the remaining daily hay cube intake divided equally for the 1430 and 2200 h 
meals.  
 
Each period consisted of 5 days adaptation to the treatment diet, 11 days at fixed level of 
intake and 5 day total fecal collection. Daily intake was adjusted as necessary to be 92 % 




refusals. Two days before and during the 5 day collection period, horses were fitted with 
total collection harnesses (Stablemaid horse hygiene and waste management, Melbourne, 
Australia) that allow for the complete and separate collection of urine and feces. During 
the collection period the horses were housed in stalls with rubber matting and walked 
twice daily on the mechanical walker, with no turn out. During the collection period daily 
feed intake was recorded, any feed refusals were measured at 7am and retained for 
chemical analysis. Fecal collections representing each 24 h period were weighed, 
thoroughly mixed and 2.5 % subsample by wet weight collected and frozen for 
subsequent analysis. Feed and fecal samples were analyzed at Dairy One Forage Lab 
(Ithaca, NY). The five daily manure samples were analyzed for individual dry matter 
(DM) then composited, re-dried and analyzed. Feed and composited manure samples 
were analyzed for DM, crude protein (CP), acid detergent fiber (ADF), neutral detergent 
fiber (NDF), starch, water soluble carbohydrates (WSC), crude fat (CF), and gross energy 
(GE). The urine was discarded daily.  
 
Fecal pH and volatile fatty acids  
At the end of the digestion collection (day 21) and prior to feeding, rectal fecal samples 
were taken. Fecal pH was measured immediately using the following procedures; a fecal 
sample of 50 g (wet weight) was diluted with 150 ml of distilled water (3:1 ratio) and 
homogenized for 1 minute. The pH was measured using the probe of the pH 6 Acorn 
series meter (OAKTON instruments, IL USA 60061) inserted into the homogenized 




sample was frozen until after the trial for analysis of volatile fatty acids (VFA), total 
lactate and L-Lactate.  
 
Fecal samples collected on day 21 (0700, 1430 and 2200 h) of each period for each horse 
were thawed and composited. A 1.5 g wet sample was diluted with 5mM sulfuric acid 
buffer and centrifuged to remove particulates in the supernatant. Volatile fatty acid and 
total lactate concentration was quantified by HPLC (Dionex, Sunnyvale, Ca, USA). The 
column (Aminex, HP-87H, Bio-rad Hercules, CA) was operated at 50C, with a 0.4 
ml/min flow rate. The VFA and total lactate in the effluent was detected using 
Shodex/Showa Denko refractive index (Kangagawa, Japan) and UV detector (Dionex, 
Sunnyvale, Ca, USA).   
 
Fecal L-lactate was analyzed using the YSI 2700 SELECT™ Biochemistry Analyzer. The 
procedure used a 10 g fecal sample (wet weight) diluted with 50 ml distilled water and 
homogenized for 1 minute. The sample was then filtered through cheese cloth to remove 
particulates. The resulting solution was analyzed in duplicate for L-lactate using the L-
lactate oxidase membrane and calibrated with 0.50 g/L L-lactate standard solution. YSI 
2700 SELECT™ Biochemistry Analyzer oxidizes the L-lactate in the sample to hydrogen 
peroxide and pyruvate, with the hydrogen peroxide being detected amperometrically. The 
electron flow recorded at the electrode is directly proportional to the concentration of 






On day 22 of the 4x4 Latin square digestibility experiment, after the completion of the 
total fecal collection, a 4 h glycemic response test was conducted after the horses 
consumed 1kg of feed as either hay cubes, cracked corn, steam flaked corn and corn 
byproduct pellet. Horses were fasted overnight for at least 8 h with access to water. At 
0600 h indwelling jugular catheters were inserted into the right or left jugular vein. A 
baseline blood sample was taken 30 minutes post catheterization (pre feeding), then at 
feeding of 1kg of appropriate treatment meal and at 30 minute intervals post feeding until 
240 minutes. Blood samples were collected into plasma tubes containing sodium heparin 
and centrifuged for 10 minutes within 30 minutes of sampling. Plasma glucose 
concentrations were analysed on the YSI 2300 STAT PLUS™ glucose and lactate 
analyzer using the glucose oxidase membrane and 180 mg/dL glucose calibration 
standard. D-glucose in the plasma sample is oxidized to hydrogen peroxide and glucono-
lactone. The concentration of hydrogen peroxide, hence glucose is detected 
amperometrically. Plasma glucose concentrations were measured the same day as the 
glycemic response test was conducted.   
 
Following the completion of the digestibility experiment, all horses were returned to the 
pre digestibility trial diet of cracked corn and hay cubes. After three weeks on this diet 
due to procedures of another experiment using the same horses, a further 3x4 randomised 
design glycemic response tests were conducted on the same four geldings providing equal 




and corn by product pellet was calculated to provide 1 g starch/kg BW. Before the first 
glycemic response test horses were weighed and the actual BW was used, with the 
average starch value (from four chemical analyses) for each corn ingredient to calculate 
the quantities of corn grain to feed each horse. The corn intakes for the glycemic response 
tests were 975 ± 26.1 g cracked corn, 914 ± 24.5 g steam flaked corn and 1581 ± 42.1 g 
corn byproduct pellet (mean ± SE). The same sampling and plasma glucose analysis 
protocol was followed as noted with the previous glycemic response procedure.    
 
Digestibility calculations and statistical analysis  
Apparent total tract digestibility coefficients for the four treatments were calculated for 
DM, CP, ADF, NDF, starch, WSC, CF and GE.  
 
By difference digestibility coefficients for the cracked, steam flaked and corn germ 
dehydrated fractions (15% alfalfa meal in the byproduct pellet was calculated as a 
percentage of the control diet intake thus 85% of the pellet intake was calculated as the 
grain intake for that treatment). 
 The following equations were used:   
1. dG=[dT –(c x dC)]/g  
where dG = digestibility of concentrate, dT = digestibility of the total ration,  
c = percentage of control diet in total ration, dC = digestibility of control ration and  





2. d  nutrient corn product = (d nutrient total – (d nutrient control x a))/b  
where d is digestibility, a is content (%) in the diet of the nutrient from the control and b 
is content (%) in the diet of the nutrient from the corn product (Karlsson et al., 2000). 
 
In addition digestible energy for both the total diet and the corn fraction was estimated 
using the following equations:  
 
(A) DE in total ration (Mcal/kg) = [(Gross energy in total ration – Fecal energy)/ Total 
intake] 
(B) Control diet DE x intake from control in ration = Amount of DE supplied from 
control  
(C) DE from corn only (Mcal/kg) = (A – B)/grain intake  
 
Data are presented as mean ± standard error. Digestibility coefficients, fecal and 
glycemic parameters were compared by one-way and two-way analysis of variance with 
Tukey and Dunnett’s posttests. All statistical analysis was performed using GraphPad 
Prism version 4.00 for windows, Graph Pad software, San Diego California USA, 










Table 4.1 Daily dry matter daily intakes of dietary ingredients and selected components 
of the diets  
  
 Treatment diets 1,2 




DMI, kg/d     
Haycubes 4.81 ± 0.09 4.67 ± 0.22 4.60 ± 0.29 4.39 ± 0.22 
Alfalfa pellets  1.18 ± 0.02 1.18 ± 0.02 1.18 ± 0.02 - 
Corn bran  1.53 ± 0.03 0.94 ± 0.02 0.94 ± 0.02 - 
Corn oil    0.16 ± 0.003 - 0.06 ± 0.00 - 
Corn  -  4.43 ± 0.08 4.13 ± 0.08 7.41 ± 0.26 
Total  7.7 ± 0.3 11.2 ± 0.7 10.9 ± 0.8 11.8 ± 1.0 
     
Intake, g/d3 7670 ± 143a 11221 ± 334b 10905 ± 402b 11794 ± 439b  






Crude fat  
3046 ± 57a 
 
4751 ± 88a 
 
220 ± 4a 
321 ± 6a 
 
3037 ± 116a 
 
4678 ± 166a 
 
3195 ± 61b 
331 ± 8a 
2977 ± 152a 
 
4552 ± 212a 
 
3199 ± 61b 
323 ± 9a 
3060 ± 129a 
 
4493 ± 198a 
 
3115 ± 110b 
663 ± 24b 
1 CRACKED, STEAM FLAKED = cracked corn and steam flaked corn  
2 All four treatment diets were fortified with vitamin and mineral supplement (Micromax, 
120g/day), Kentucky Equine Research, Inc. Versailles, Kentucky 
3 Values in same row with different superscripts are different at p<0.05
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DM  91.6 ± 0.4 89.9 ± 0.3 89.8 ± 0.5 99 87.9 ± 0.5 87.4 ± 0.4 89.4 ± 0.3 87.2 
Crude protein  13.0 ± 0.2 19.7 ± 0.4 5.3 ± 0.2  7.7 ± 0.2 7.1 ± 0.3 12.3 ± 0.3 10.1 
Crude fat  1.6 ± 0.05 2.4 ± 0.1 4.0 ± 0.3 99 4.3 ± 0.2 3.1 ± 0.2 8.0 ± 0.1 9.8 
Starch  0.8 ± 0.1 1.0 ± 0.4 11.1 ± 0.3  68.7 ± 1.2 73.8 ± 2.2 41.6 ± 0.9 54.9 
WSC  5.7 ± 0.5 6.7 ± 0.1 2.9 ± 0.1  3.9 ± 0.2 2.7 ± 0.2 7.3 ± 0.2 5.9 
NSC  6.5 ± 0.5 7.7 ± 0.4 14.0 ± 0.3  72.6 ± 1.0 76.4 ± 2.4 48.9 ± 1.0 60.8 
ADF  47.4 ± 1.6 38.6 ± 1.1 20.4 ± 1.2  3.9 ± 0.7 3.6 ± 0.5 13.2 ± 1.8 2.1 
NDF  62.7 ± 0.5 49.2 ± 0.5 75.8 ± 1.7  10.3 ± 1.3 9.2 ± 1.2 23.5 ± 1.7 10.6 
Hemicellulose  15.3 ± 1.1 10.6 ± 0.6 55.4 ± 1.0  6.4 ± 0.8 5.5 ± 0.8 10.3 ± 0.9 8.5 











1 Analyses conducted by Dairy One Forage Lab, Ithaca, NY (NSC = nonstructural carbohydrate, WSC = water soluble 
carbohydrate, ADF = acid detergent fiber, NDF = neutral detergent fiber, GE = Gross energy)(NSC = starch + WSC; 
Hemicellulose = NDF – ADF)  
2 Reference values (NRC, 2007)  
3 Corn byproduct pellet (85% corn germ dehydrated and 15% alfalfa meal) 
4 Corn germ dehydrated (No alfalfa meal) 
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Chapter 5: Results  
 
 
Total ration digestibility  
Table 5.1 and 5.2 show apparent total tract digestibility of the total ration and grain 
treatment respectively (mean % ± SE). Dry matter digestibility of the diets was 48.1±1.2, 
58.3±0.6, 62.8±1.1 and 65.4±0.8 for control, cracked corn, steam flaked corn and corn by 
product, respectively. The addition of corn grain to the diets significantly increased DM 
digestibility (p < 0.05). There was no statistical difference between the steam flaked corn 
diet and the corn by-product diet DM digestibility.  
 
Acid and neutral detergent fiber digestibility coefficients were not significantly different 
among the four treatments (ADF p > 0.05 and NDF p > 0.05). There was a numerical 
increase in the mean digestibility of ADF and NDF by 5.3 and 3 %, respectively for the 
corn by-product diet compared to the control diet (Table 5.1). The steam flaked corn diet 
had a numerical decrease in mean ADF and NDF digestibility compared to the control 
diet (Table 5.1). Individual horse variation was observed based on numerical differences, 
horse 1 had numerically lower cracked corn ADF and NDF coefficients (29.6 and 42.3 
%, respectively) than control diet (35.2 and 43.7 %, respectively). Horse 2 had lower 
ADF coefficients for all three corn treatments (cracked 38.3, steam flaked 39.1 and corn 
by-product pellet 34.9 %) than control (47.6 %) and lower NDF coefficients for cracked 
and steam flaked corn (39.1 and 45.0 % respectively) than control (46.5 %). Horse 3 had 
lower ADF coefficient for all three corn treatments (cracked 41.27, steam flaked 20.74 
and corn by-product pellet 44.28 vs control 45.6 %) and lower NDF coefficients for 
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steam flaked and corn by-product pellet diets (35.4 and 42.99, respectively vs 46.69 %). 
Horse 4 had reduced control ADF and NDF coefficients (21.4 and 36.4 %, respectively) 
which caused all three corn treatment diets to be higher in ADF and NDF digestibility 
(cracked 41.88 and 40.18, steam flaked 38.1 and 38.98 and corn by product pellet 46.72 
and 49.88 %, ADF and NDF respectively). In general the biggest differences in ADF and 
NDF digestibility compared to the control diet were seen in the cracked and steam flaked 
diets.  
 
Starch digestibility was high in all four treatment diets as expected for the total tract 
measurement with no significant differences between the control, cracked, steam flaked 
and corn by product diets (92.2 ± 4.9, 96.6 ± 1.0, 99.2 ± 0.4 and 98.8 ± 0.4 %; p > 0.05).  
 
The fat digestibility was greatest for the corn by-product diet (77.4 ± 1.6), this diet and 
the control (70.0 ± 1.6) and steam flaked corn (66.6 ± 3.5) were significantly higher than 
the fat digestibility of the cracked corn diet. The higher fat digestibility in the control and 
steam flaked diets may be attributed to the addition of corn oil in these treatments, with 
the highest corn oil intake in the control diet. The endogenous fat in the cracked corn diet 
had significantly lower digestibility (45.7 ± 5.8) than the endogenous fat in the corn by-
product (77.4 ± 1.6).  
 
The digestible energy (Mcal/kg) of the total treatment diets (calculated using gross 
energy intake and fecal gross energy) were significantly different between the four 
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treatments (p < 0.05). The control diet had the lowest DE 2.25 ± 0.06, cracked corn 2.56 
± 0.04, steam flaked corn 2.82 ± 0.06 and corn by-product diet had the highest DE value 
3.06 ± 0.03.    
 
By difference digestibility of the corn products  
Equation 1:  
By difference was used to determine digestibility of the cracked, steam flaked and corn 
germ dehydrated (without alfalfa meal) ingredients of the total ration (Table 5.2). Dry 
matter digestibility of the cracked and steam flaked corn were significantly different (p < 
0.05). The digestibility coefficients ranged from 74.0 ± 2.4 to 87.0 ± 2.2 with cracked 
corn having the lowest digestibility and steam flaked corn having the highest. The DM 
digestibility of corn germ dehydrated was in the middle of this range (80.3 ± 1.9). 
 
Apparent crude protein digestibility of cracked corn (42.3 ± 7.9) was significantly lower 
compared to steam flaked corn (64.4 ± 7.6) and the corn germ dehydrated product (67.8 ± 
3.7) (p < 0.05). There was no significant difference in acid and neutral detergent fiber 
(ADF p > 0.05 and NDF p > 0.05), the numerical differences between the control and the 
corn treatment diets observed in the total diets was repeated in the by difference 
digestibility coefficients. The outliers of interest on a numerical basis were horse 3 ADF 
(-21.6 %) and NDF (16.2 %) for the steam flaked diet.  
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Starch digestibility for all three corn treatments were greater than 100 % (102.2 ± 9.5, 
109.9 ± 7.5 and 104.1 ± 3.8 for cracked, steam flaked and ground corn) but not 
statistically different (p > 0.05). Crude fat digestibility was significantly lower in the 
cracked corn (8.03 ± 12.9) than steam flaked corn and corn germ dehydrated (61.3 ± 9.4 
and 83.8 ± 3.1, respectively). The DE value of the cracked corn (3.02 ± 0.16) was 
significantly lower than the DE of steam flaked corn (3.75 ± 0.15) and corn germ 
dehydrated (3.76 ± 0.07) (p < 0.05).  
 
Equation 2: Nutrient contributions  
Nutrient digestibility for the three corn products was calculated using the difference 
equation weighted by nutrient contribution of the control diet and corn product to the 
combined diet (Table 5.2B). Contribution percentages for DM and DM digestibility 
coefficients were the same for equation 1 and 2. Starch digestibility for all three corn 
treatments were lower than 100 %, when calculated by nutrient percentage (Table 5.2B), 
the corn products provided 96.3 % of the total starch in the diet compared to equation 1 
which assumed corn provided 43.6 % of the total starch in the diet.  
Fiber digestibility using equation 2 was based on the corn products providing 5.0 % ADF, 
this resulted in unrealistic digestion coefficients, especially for steam flaked corn (-1.5 ± 
185.5 %) and corn germ dehydrated (162 ± 186.1 %). These values are due to differences 
in fiber digestibility of the control diet and the combined diet and the fact that any change 
in digestibility is credited to the test ingredient. This appears to be amplified when the 
nutrient contribution of the test ingredient is small. Digestibility coefficients for NDF 
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using all four horses data resulted in large variation and a low mean NDF value for steam 
flaked corn (8.5 ± 35.0 %, n = 4). However, if the negative outlier for cracked (-30.7 %) 
and steam flaked (-92.8 %) corn and the positive outlier for corn germ dehydrated (129.2 
%) is removed from the data set then the mean digestibility are reasonable (Table 5.2B). 
There was no statistical difference between the three corn products in ADF and NDF 
digestibility, p = 0.78 and p = 0.63, respectively. 
 
Glycemic response  
Plasma glucose concentrations peaked for all three corn treatments at sampling times 90 
to 120 minutes, after offering 1kg treatment meal. When fed on an equal starch basis (1g 
starch/kg BW) horses fed cracked corn reached peak glucose values at 60 minutes and 
compared to horses fed steam flaked corn and corn byproduct which peaked at 120 
minutes. Horses fed 1g starch/kg BW from corn byproduct pellet had elevated plasma 
glucose levels four hours post feeding.     
  
When comparing the glycemic response to the three corn treatments at a fixed quantity 
(1kg) without accounting for the different starch compositions there was significant 
difference between area under the glucose curve for the corn treatments (p<0.05) (Table 
5.3). Steam flaked corn produced a larger glycemic response than cracked corn (p<0.001) 
and corn byproduct pellet (p<0.01).  Area under the glucose concentration-time curve for 
1 kg cracked, steam flaked and corn byproduct was 2867 ± 416.5, 6198 ± 1134 and 3748 
± 1542 mg/dL·min, respectively. During the equal starch glycemic response tests horse 1 
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had feed refusals for the steam flaked treatment, his data for the other two treatments was 
removed from the data set to conduct one way ANOVA. On an equal starch basis (1 g 
starch/kg BW) the glucose AUC for cracked, steam flaked and corn byproduct was 2507 
± 217.1, 5629 ± 1776, 4104 ± 681.1 mg/dL·min, respectively, and were not statistically 
different (p=0.12) (Table 5.3). 
 
Fecal pH, lactic acid and volatile fatty acid data  
There was no effect of sampling time (p = 0.35), diet (p = 0.08) and interaction (p>0.05) 
on fecal pH. Mean fecal pH (n=12; Table 5.4) was significantly reduced on the cracked 
corn diet (pH 6.15 ± 0.06) compared to the control (pH 6.54 ± 0.04) and corn by-product 
(pH 6.40 ± 0.01) diets (p< 0.05). Steam flaked corn (pH 6.30 ± 0.03) was significantly 
lower than the control diet (p<0.05).  
 
Fecal L-lactate was different between treatment diets (p = 0.056) when comparing the 
corn product diets to the control diet using Dunnett’s test, cracked corn produced 
significantly larger L-lactate concentrations than the control diet (Table 5.4). There was 
no significant difference in total VFA concentration on a DM basis (p>0.05) between the 
four diets. Fecal samples with the highest VFA and L-lactate concentrations and the 
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Bodyweight data  
The change in bodyweight over the 21 day treatment period was calculated for each 
treatment diet. On average horses lost 9.77±8 kg on the control diet and gained 3.98±6 kg 
on the cracked corn, 19.33±4 kg on steam flaked corn and 31.83±8 kg on the corn 
byproduct pellet diet. The difference in bodyweight balance between all four treatments 
was significant (p<0.05) due to significant differences between control and the two corn 




















   
52
 
Table 5.1: Apparent total tract digestibility of total treatment diets (%; mean ± SE, n = 4) 
 
Nutrient 
Total diet   Numerical difference in nutrient 
digestibility from control diet2  
CONTROL CRACKED STEAM 
FLAKED 




DM 48.1 ± 1.2a 58.3 ± 0.6b 62.8 ± 1.1c 65.4 ± 0.8c 0.0001 10.2 14.7 17.3 
CP 58.0 ± 2.0ab 51.9 ± 1.9a 60.6 ± 2.2ab 63.3 ± 1.9b 0.01 - 6.1 2.6 5.3 
ADF 37.5 ± 6.0a 37.8 ± 2.8a 35.9 ± 5.3a 42.8 ± 2.7a 0.72 0.3 - 1.6 5.3 
NDF 43.3 ± 2.4a 42.2 ± 1.8a 40.8 ± 2.2a 46.3 ± 1.4a 0.29 - 1.1 - 2.5 3 
Starch 92.2 ± 4.9a 96.6 ± 1.0a 99.2 ± 0.4a 98.8 ± 0.4a 0.25 4.4 7 6.6 
Fat 70.0 ± 1.6a 45.7 ± 5.8b 66.6 ± 3.5a 77.4 ± 1.6a 0.0003 - 24.3 - 3.4 7.4 




2.25 ± 0.06 2.56 ± 0.04 2.82 ± 0.06 3.06 ± 0.03 0.0043 
 
0.31 0.57 0.81 
1P value is for the whole model, values in the same row with different superscripts are different at p < 0.05 
2 Difference in mean nutrient digestibility of the corn diets compared to the control diet 
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Table 5.2. Apparent total tract digestibility of corn products calculated by the difference 
method Equation 1 (%; mean ± SE, n = 4) 
1P value is for the whole model, values in the same row with different superscripts are 
different at p < 0.0
 
Nutrient 
Corn only  





     
DM 74.0 ± 2.4a 87.0 ± 2.2b 80.3 ± 1.9ab 
 
0.007 
CP 42.3 ± 7.9a 64.4 ± 7.6b 67.8 ± 3.7b 
 
0.05 
ADF 38.5 ± 12.2a 32.7 ± 20.4a 47.3 ± 9.5a 
 
0.79 
NDF 40.5 ± 4.6a 36.2 ± 6.7a 48.9 ± 4.7a 
 
0.30 
Starch 102.2 ± 9.5a 109.9 ± 7.5a 104.1 ± 3.8a 
 
0.71 
CF 8.03 ± 12.9a 61.3 ± 9.4b 83.8 ± 3.1b 
 
0.0009 
GE 69.0 ± 3.5a 86.5 ± 2.9b 82.4 ± 1.4b 
 
0.0001 
DE (Mcal/kg, DM 
basis) 
 
3.02 ± 0.16a 3.75 ± 0.15b 3.76 ± 0.07b  0.0043 
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Table 5.2 B. Apparent total tract digestibility of corn products calculated by the 
difference method Equation 2 (%; mean ± SE, n = 4 except NDF) 
1P value is for the whole model, values in the same row with different superscripts are 
different at p < 0.05 
2 Number of observations for NDF digestibility = 3 
 
 
Table 5.3 Effect of corn treatment diet on glycemic parameters (mean ± SE) 
 




1kg treatment AUC1,3 2867 ± 416.5a 6198 ± 1134b 3748 ± 1542a 
1kg treatment peak 
plasma glucose, mg/dL1  
127.0 ± 8.0 140.3 ± 8.6 130.3 ± 5.8 
1g starch/kg BW AUC2,3 2507 ± 217.1a 5629 ± 1776a 4104 ± 681.1a 
1g starch/kg BW peak 
plasma glucose, mg/dL2 
     123 ± 3.6 142.3 ± 14.7 123.0 ± 5.5 
1Mean ± SE, n=4 for Glycemic response to 1 kg treatment 
2Mean ± SE, n=3 for Glycemic response to 1 g starch/kg BW 















     
DM 74.0 ± 2.4a 87.0 ± 2.1b 80.5 ± 1.9ab 
 
0.007 
ADF 45.2 ± 115.1a -1.5 ± 185.5a 162 ± 186.1a 
 
0.78 
NDF2 56.13 ± 10.5a 42.22 ± 13.2a 41.82 ± 10.46a 
 
0.63 
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Table 5.4 Effect of treatment diet on fecal variables (mean ± SE, n=4) 
 




Fecal pH  
 




0.53 ± 0.09a 1.20 ± 0.26b 0.92 ± 0.16ab 1.15 ± 0.09ab 
Fecal Acetate, 
mmol/L 




6.0 ± 1.41a 10.0 ± 2.71a 7.0 ± 1a 6.5 ± 0.96a 
Fecal Butyrate, 
mmol/L 
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Chapter 6: Discussion and conclusions  
Total tract apparent digestibility of starch in all four diets was high which was expected 
based on other research reports (Varloud et al., 2004; Al Jassim., 2006; Julliand et al., 
2006; Rosenfeld and Austbø., 2009). The starch digestibility of the corn products by 
difference were greater than 100 % using equation 1 and less than 100 % using equation 
2, which is a more physiologically normal value. The addition of corn to the diet may 
have increased the starch digestibility of the basal diet, this improvement would be 
accredited to the corn when using the by difference equation. Rosenfeld and Austbø 
(2009) reported prececal starch digestibility for processed corn (average data of ground, 
pelleted, extruded and micronized) to be 66.3 % and total tract 91.0 %.  
 
In assessing the digestibility of the treatment diets, differences in crude protein and fat 
digestion coefficients were observed. Crude protein digestibility was significantly lower 
in the cracked corn diet compared to the corn germ dehydrated by 26 % and steam flaked 
corn 22 % (p<0.05). The corn germ dehydrated product has higher crude protein content 
than the other two corns and had the highest digestibility coefficient. Total diet and by 
difference crude protein digestibility of the treatment diets in this study were similar to 
prececal values (61.5 %) but lower than total tract protein digestibility 84.3 % of pooled 
data of processed corn (Rosenfeld and Austbø., 2009), and 88.0 % when a mixed diet of 
Bermuda grass hay and corn was fed (Gibbs et al.,1996). Van Weyenberg et al. (2007) 
reported a negative correlation between glycemic response and crude protein digestibility, 
observing the horses with the perceived fastest intake to have the greatest glycemic 
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response and speculating that this may lead to greater amounts of starch entering the 
hindgut and being utilized to produce bacterial protein which lowered the apparent 
digestibility of protein. In the current study the lower crude protein digestibility is 
associated with cracked corn which produced the lowest glycemic response, suggesting 
large amounts of starch could reach the hindgut increasing bacterial growth and 
endogenous protein losses in the feces. The higher crude protein digestibility for steam 
flaked and corn germ dehydrated may be due to processing technique. 
 
Cracked corn also had significantly lower crude fat digestibility especially when 
calculated by difference this may partially be due to the artificially high fat digestibility 
in the control diet because of the inclusion of corn oil. However, this also indicates that 
the fat in cracked corn is not as available to the horses as corn oil or the fat in the other 
two corn products. Data from the corn byproduct diet indicates that the corn germ 
dehydrated product is a good fat source that is highly digestible in horses.   
 The crude fat digestion coefficients in this study apart from cracked corn are similar to 
results of Bush et al. (2001) when 5 % supplemental corn oil was fed. The lower crude fat 
and protein coefficients could be an indication of small intestinal bypass as seen for 
starch when cracked corn is fed at high intake levels. Thermal-mechanical processing of 
corn has been reported to improve starch, protein and fat digestibility in the horse, pig 
and ruminant due to disruption of the protection and structure of the starch granule 
enhancing enzymatic digestion (Zinn et al., 2002, Rosenfeld and Austbø., 2009; Menoyo 
et al., 2011).  
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The glycemic response to the three corn products was different when compared using a 1 
kg test meal. Steam flaked corn produced a higher glycemic response, suggesting greater 
starch susceptibility to enzymatic digestion in the small intestines. This finding is similar 
to the data of Hoekstra et al. (1999) who reported that steam flaked corn produced both a 
greater glycemic response than cracked corn and higher peak glucose values. 
Comparisons on equal weight basis are useful in implementing feed recommendations for 
comparing grains. When comparing the three corns on an equal starch basis there was no 
statistical difference in glycemic response. The magnitude of glycemic response was 
repeated, steam flaked corn having the highest, corn byproduct and cracked corn having 
the lowest. The lack of difference between treatments when fed at this level agrees with 
data suggesting starch intake as a driving factor of glycemic response and a minimum 
intake of 2 g starch/kg BW is needed to identify differences between processing 
techniques. The exclusion of one horse’s data due to feed refusals of the steam flaked 
corn treatment, may have also limited the identification of treatment differences due to 
increased AUC variation.  
 
Peak blood glucose values for horses fed cracked and steam flaked corn in the current 
study were higher than those reported by Hoekstra et al., 1999 and Pagan et al., 1999. 
Differences in absolute blood glucose values between studies may be due to different 
experimental animals (arabians and thoroughbreds compared to all thoroughbreds in the 
current study), study designs and rate of intake. Alternatively these differences may 
indicate enhanced glucose uptake and transport in the small intestine of horses 
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maintained on high grain diets. The responses in the small intestine of horses adapted to 
high starch diets in a similar way to the current study were to increase glucose transporter 
mRNA and protein (SGLT1) in the duodenum, jejunum and ileum (Dyer et al., 2009). 
Reponses in the duodenum were slower than those seen in the distal small intestine. 
There is limited information regarding increased production of alpha-amylase in response 
to high grain diets which is thought of as the limiting factor in small intestinal starch 
digestion. However, there is evidence that increased activity of alpha-amylase requires 2-
3 weeks to show a response to increased dietary NSC (Daly et al., 2012). Horses in this 
study had been receiving a grain meal for 12 weeks prior to the initiation of the digestion 
trial.    
 
The measurement of glycemic response, the rise in blood glucose postprandial can be 
used as an indirect measurement of starch digestibility in the small intestine as greater 
increases in blood glucose suggests greater starch digestibility. The current glycemic 
responses suggest that steam flaked corn has the highest prececal starch digestibility 
followed by the corn byproduct with cracked corn having the lowest prececal starch 
digestibility. This indicates that there would be the potential for greater starch delivery to 
the hindgut when horses were fed the cracked corn diet compared to the other two corn 
treatments. In accordance, the cracked corn diet significantly lowered fecal pH compared 
to the control and corn by product. Of the three corn products, fecal pH was the highest 
when the horses were fed the corn byproduct diet suggesting greater prececal digestion or 
a moderate effect on the hindgut microflora.  
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Large amounts of fermentable carbohydrates can cause decreases in pH due to high rates 
of VFA and lactate production. Microbial changes in response to the lowered pH result in 
the successive replacement of acid intolerant bacteria with acid tolerant bacteria. 
Surprisingly, the steam flaked corn diet had a lower pH than expected based on the higher 
prececal starch digestibility reported in the literature and indicated by the glycemic 
response in this study. This lowered pH coupled with a high glycemic response could 
suggest that on the steam flaked diet the starch that reached the hindgut was readily 
available to the microbes and resulted in a high rate of fermentation. This may be 
explained by a negative correlation between particle size and intensity of fermentation 
discussed by Kienzle et al. (1997). The small particle size generated by steam flaking 
would result in faster fermentation which may overwhelm the buffering capacity of the 
hindgut causing the drop in fecal pH. In comparison the larger particle size from cracking 
coupled with low prececal digestibility of cracked corn causes large quantities of starch 
to reach the hindgut per feeding providing substrate rich digesta for prolonged microbial 
fermentation.  
 
Fermentation end products are the direct result of the microbial populations found in the 
hindgut. VFA and lactate concentrations support the fecal pH data; total VFA production 
was greater when horses were fed cracked corn versus the control diet with the difference 
being predominately acetate. Fecal VFA profile was most similar to the control diet when 
the corn byproduct was fed; suggesting the addition of corn germ dehydrated had little 
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impact on the microbial community. McLean et al. (2000) found that micronized barley 
produced similar cecal acetate and propionate concentrations to those observed on a hay 
cube diet. While the rolled and extruded barley had lower acetate and higher propionate 
concentrations. Butyrate concentrations were numerical higher on the cracked and steam 
flaked corn diets compared to the control and corn byproduct diets. Fecal L-lactate 
concentrations increased approximately two fold when corn was added to the diets 
(p=0.056).  
 
The fecal pH, VFA and L-lactate data from this study fall within the ranges reported by 
Richards et al. (2006) for 46 Thoroughbred racehorses with mean concentrate intakes of 
7.3±0.24 kg. The three corn treatments in this study had lower fecal pH values (range 
6.15 to 6.4) compared to fecal pH 6.75 when rolled corn was fed at 0.2% BW starch and 
sugars (Hussein et al., 2004). This is likely due to the higher starch intake used in the 
current study resulting in greater starch overload into the hindgut. The fecal pH on the 
cracked corn diet is within the pH range considered to cause subclinical acidosis 
however; none of the horses showed any clinical signs of hindgut acidosis. The drop in 
fecal pH is most likely the result of increased L-lactate and total VFA production. The 
fecal pH data support the total tract digestibility findings for ADF and NDF, the low fecal 
pH on the cracked and steam flaked diet may have resulted in the negative impact on 
fiber digestibility among individual horses. However, in ruminants fiber digestibility was 
not affected when ruminal pH remained higher than 6.0 for the majority of the feeding 
cycle (Firkins et al., 2001)  
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Lactate producing bacteria are considered as acid tolerant and their proliferation has been 
reported in horses consuming grain rich diets (Julliand et al., 2001; Al Jassim et al., 
2005). Increased population sizes of Lachnospiraceae, Bacteroidetes and Bacillus-
Lactobacillus-Streptococcus were identified from the colon of horses maintained on a 
concentrate diet (Daly et al., 2012). These microbes are capable of both fibrolytic and 
saccharolytic digestion that can readily adapt to changes in substrate availability. In the 
current study no evaluation of the changes in microbial species in response to treatment 
diets was made.  Lactate producing bacteria, Streptococcus bovis/equinus group have 
been implicated in the development of lactic acidosis; these bacteria are capable of 
producing the L-lactate isomer only (Milinovich et al., 2010). The increased fecal L-
lactate concentrations in this study may be indicative of increased numbers of S.bovis and 
S.equinus in response to increased dietary starch as a substrate for hindgut fermentation 
as reported by others.   
 
In vitro, lactate utilization in the presence of polysaccharides resulted in the conversion of 
lactate to acetate and butyrate when using human inoculum, however in the absence of 
polysaccharides lactate was converted to propionate (Belenguer et al., 2007). De 
Fombelle et al. (2003) reported lower lactate concentrations and higher propionate 
concentrations in the stomach of horses fed a high starch pellet in association with higher 
numbers of lactate-utilizing bacteria, the lactate-propionate utilization pathway is well 
documented in production animals (Lean et al., 2013). In the current study there were no 
significant diet effects on fecal propionate concentrations, although cracked corn had 
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numerically higher concentrations, it may be speculated that the increased acetate and 
butyrate concentrations for the cracked and steam flaked diets may be the result of lactate 
utilization. The dietary response of lactate-utilizing bacteria has received limited attention 
and inconsistencies are present between published studies. Few studies control for all the 
factors which can cause changes in acid concentrations and proportions such as shifts in 
microbial profiles, increased microbial production, decreased absorption and or change in 
rate of transit time (Turnbaugh et al., 2006).  
 
Cereal grains are principally fed to horses to provide digestible energy. The digestible 
energy of both cracked and steam flaked corn is reported as 3.88 Mcal/kg in the 2007 
NRC. Steam flaking is considered across species to increase energy availability of corn 
(Zinn et al., 2002). In the current study DE values for steam flaked corn (3.75±0.15 
Mcal/kg) and corn germ dehydrated (3.76±0.07 Mcal/kg) were similar to the NRC. The 
DE value measured for cracked corn (3.02±0.16 Mcal/kg) is significantly lower than 
previously reported; this difference could be due to the lower apparent digestibility values 
of crude protein and crude fat and factors affecting site of digestion.  The differences in 
DE values of the corn can be seen in the change in bodyweight over the dietary treatment 
periods, the cracked and steam flaked corn provided the same total diet calories (equal 
gross energy) but horses on average gained more weight when fed steam flaked corn 
(19.33±4 kg) than cracked corn (3.98±6 kg). The difference in bodyweight gain could 
reflect differences in site of digestion and efficiency in energy utilization due to 
differences in processing techniques. The study findings suggest starch digestion on the 
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cracked corn diet shifted towards microbial fermentation in the hindgut resulting in 
production of VFA energetic end products, which are metabolized less efficiently 
compared to glucose. The nutritional value of the cracked corn diet was overall depressed 
compared to steam flaked and corn germ dehydrated diets.      
 
In both equine and ruminants the results of associative effects of cereal grain feeding on 
forage digestibility have been varied. Studies investigating the associative effects of 
replacing forage with increasing levels of concentrate have reported linear changes in 
digestive coefficients in relation to the increasing level of concentrate. In the current 
study a fixed level of starch from different corn products was used to investigate changes 
in fiber digestibility.  
 
In this study mean digestibility of ADF and NDF was not significantly reduced when 
corn was fed at a level providing 14 times more starch than the control diet. Numerical 
increases in mean ADF and NDF digestibility (5 and 3 %) was measured on the corn by-
product diet compared to the control diet. Digestibility coefficients are within range of 
those measured when rolled corn was fed to provide 0.2 % BW (starch and sugars) 
(Hussein et al., 2004). The by difference values of ADF and NDF digestion coefficients 
for the three corn products indicate that ADF and NDF in the corn germ dehydrated 
ingredient to be more digestible than cracked and steam flaked corn.  
 
The difference method using equation 1 showed large variation in ADF digestibility for 
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the cracked and steam flaked corn diets, with standard errors of 12% and 20%, 
respectively. Equation 2 showed the same diet trend in ADF digestibility but means and 
variation for the steam flaked diet and corn byproduct were greatly different from 
equation 1. This may be the result of the numerical differences between the control diet 
and the combined corn diets and amplified by equation 2 as, corn provided a small 
fraction of the total diet ADF but the equation assumes the difference in digestibility is 
due to the addition of corn. Corn NDF digestibility coefficients were similar between 
equation 1 and 2, numerically corn byproduct had the highest NDF digestibility using 
equation 1 and cracked corn had the highest using equation 2.  
 
These finding of by difference may indicate changes in fiber digestibility not associated 
with corn ADF and NDF. The by difference equation assumes that the digestibility of the 
control diet is constant, however, assuming corn ADF and NDF is 100 % digestible the 
decrease in total cracked and steam flaked diets has to be due to a response in fiber from 
the control diet notably from hay cubes and alfalfa pellets as these two ingredients 
provided the majority of the fiber. Hintz et al. (1971) reported a linear increase in ADF 
and NDF apparent digestibility with increasing concentrate suggesting concentrate and 
grain fiber to be more digestible than fiber from forage sources. 
 
In the current study the high starch intake was used to create a feeding situation in which 
comparisons in the site of starch digestion could be made for the different corn products. 
Even with the moderate and high glycemic responses of the corn byproduct and steam 
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flaked diets there appeared to be a spillover effect into the hindgut due to lowered fecal 
pH and increased L-lactate concentrations. This spillover effect suggests that regardless 
of processing method, when the majority of the starch in the diet is supplied as corn, an 
intake of 6 g starch/kg BW/day may overwhelm the digestive capacity of the proximal 
gastrointestinal tract.  The starch from the corn byproduct diet was available to enzymatic 
digestion in the small intestine and starch that reached the hindgut did not affect fiber 
fermentation or cause perturbations in hindgut. Corn germ dehydrated is a unique 
ingredient having a lower starch and higher crude protein and fat content than cracked or 
steam flaked corn although, the ground ingredient requires pelleting for commercial use, 
both due to visual preference and horse acceptance at high intakes. From this study the 
byproduct, corn germ dehydrated, is a highly digestible energy source for horses even 
when fed at high starch intake levels.  
 
The by difference method is not sophisticated enough to differentiate between a change in 
nutrient digestibility in the basal (forage only diet) or the concentrate ingredient, thus 
accrediting the decrease or increase in treatment diet digestibility to the concentrate. The 
use of the by difference method for measuring digestibility of concentrates at high intakes 
may be unwarranted due to the presence of digestive interactions which will alter the 
digestibility of the basal diet and possibly the concentrate ingredient, invalidating the 
underlying assumption of the equation. Complete diet evaluations may be more useful 
when such associative effects are present or suspected, as feeding only concentrates is not 
recommended. Understanding the degree of these effects on digestibility of the total diet 
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is valuable in making accurate feed recommendations. The basal diet should be selected 
to represent normal forage diets with minimal manipulation, while the treatment diets 
may be manipulated to provide equal nutrient compositions and contain multiple 
ingredients. It may be advantageous for future in vivo digestibility studies using the by 
difference method to carry out additional in vitro fermentations to determine nutrient 
digestibility of the individual test ingredient. In vitro data may augment the data of the 
difference method by minimizing variability in the data due to animal response and 
digestive interactions. Information of the responses in fecal microbiota to the treatment 
diets would be extremely beneficial in providing a complete explanation as to the 
differences measured in fiber digestibility for the three corn products using the by 
difference method and VFA and L-lactate concentrations.  
 
The results of this study may have been impacted by the 12 week high grain pre-study 
feeding period, a diet response may have occurred with the microflora shifting towards a 
predominately more amylolytic community. This is supported by the overall lower fecal 
pH values for the digestibility study compared to the preliminary starch intake study. The 
5 day acclimation period for diet changes between control and corn treatments by have 
been too rapid to obtain reliable fiber digestibility data. Caution is warranted for feeding 
high starch diets to horses, even with highly processed ingredients. Factors such as the 
amount of starch available for fermentation and the intensity of which the starch can be 
fermented both in the stomach and the hindgut can have negative impacts on animal 
health and performance.   
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